Abstract: Major histocompatibility complex (MHC) class I molecules are key in the immune response against malignant cells by shaping the T-cell repertoire and presenting peptides from endogenous antigens to CD8+ cytotoxic T cells. Because of their unique specificity, MHC-peptide complexes are a desirable target for novel immunotherapeutic approaches. These complexes can be targeted by recombinant T-cell receptors (TCRs). However, most TCRs produced thus far have affinities which are too low for target detection under normal assay conditions, and limited stability (due to their generation in a single-chain version). Developing high-affinity soluble antibody molecules endowed with a TCR-like specificity toward tumor epitopes, termed TCR-like antibodies, addresses the low affinity of TCRs. These TCR-like antibodies are being developed as a new immunotherapeutic class for targeting tumor cells and mediating their specific killing. In addition, these antibodies are valuable research reagents enabling the study of human class I peptide-MHC ligand-presentation and TCR-peptide-MHC interactions.
T-Cell Receptor-Like Antibodies
Antibodies with the MHC-restricted specificity of T cells are rare and have been difficult to generate [20] . TCRs recognize intracellularly processed linear peptide antigens in the context of MHC molecules. This is in sharp contrast to the recognition mode of B cells, which via soluble or membrane antibodies recognize three-dimensional target structures in their cognate antigen without any MHC restriction. Thus, T and B cells represent two fundamentally different recognition modes of the specific immune system. Through alternating selection processes, T cells are educated to recognize antigenic peptides presented in complex with MHC class I or II molecules, whereas B cells are not subjected to this selection. The distinctly different education of B and T cells explains why antibodies with the MHC-restricted specificity of T cells occur rarely and why it has been difficult to generate such specificities using conventional B-cell hybridoma techniques. Soluble and specific reagents for specific MHC-peptide structures include soluble versions of TCRs or antibodies. The last few years have witnessed a major progress in the development of such antibodies, as several groups were able to generate, occasionally in a reproducible manner, TCR-like antibodies directed against a growing repertoire of tumor and viral T-cell epitopes.
The key for successful production of TCR-like antibody (using either conventional hybridoma or phage display technology) is having a purified recombinant MHC-peptide complex folded in a native conformation that is recognized by a T cell [20] . MHC-peptide complexes are generated by expressing the extracellular domains of the human leukocyte antigen (HLA) heavy chain and 2-microglobulin inclusion bodies in E. coli followed by their in-vitro refolding in the presence of the desired HLA-restricted peptide [21, 22] . The refolded peptide-MHC complexes are very pure, monomeric, and folded in the right conformation, as demonstrated by structural [23] and functional studies [21, 24] . These complexes can be further biotinylated in a site-specific manner, a feature that is utilized for the in-vitro selection procedures of TCR-like antibody isolation and for the subsequent step of specificity characterization. Several laboratories attempted to generate antibodies recognizing T-cell epitopes [20, ; however, many laboratories experienced difficulties and some authors have published their failure to isolate such antibodies [44, 45] . A major breakthrough in generating these antibodies involved the development (in the mid-1990s) of alternative strategies to the conventional hybridoma approach. The pioneering work by Andersen and colleagues (1996) demonstrated the use of an antibody phage display approach as a tool for isolating antibodies with a unique specificity [20] . This format of phage display technology consists of generating antibody libraries exposed as fusion proteins on the surface of phage particles. Each phage particle displays a unique antibody (a Fab or single chain [sc] Fv fragment), which is encoded by genes present within the same phage particle. The purification of specific phages is accomplished by repeated rounds of selection on a specific target followed by amplification in bacterial cells of the eluted bound phages. Thus, in contrast to hybridoma technology, the phage display procedure involves positive selection for the requested binder. Several groups have developed methods for generating comprehensive phage display libraries of murine or human antibody Fab or scFv molecule fragments in E. coli cells (for a review see reference [51] ).
A phage display approach enabled the isolation of peptide-specific, MHC-restricted antibodies to murine class I complexes at first [20] , and subsequently to human disease-related human HLA-peptide complexes using large naïve human phage display libraries [27,29- 
Generation of TCR-like Antibodies
Antibodies with MHC-restricted specificity of T cells have been traditionally rare and difficult to generate. However, the last few years saw a major progress in developing such antibodies, as several groups have been able to generate, occasionally in a reproducible manner, TCR-like antibodies directed to a growing repertoire of tumour and viral T-cell epitopes. Immunization strategies, in-vitro selection by phage display, and a combination thereof have been reported for isolating TCR-like antibodies.
Obtaining a purified recombinant MHC/peptide complex folded in a native conformation that is recognized by a T-cell [20] proved to be key for a successful production of TCR-like antibody using either conventional hybridoma or phage display technology. Recombinant MHC/peptide complexes are efficiently produced in a relatively high amount needed for the purpose of antibody isolation. These complexes are generated by expressing the extracellular domains of the human leucocyte antigen (HLA) heavy chain and 2-microglobulin inclusion bodies in E. coli followed by their in-vitro refolding in the presence of the desired HLA-restricted peptide [21, 22] . The refolded peptide/MHC complexes are very pure, monomeric, and folded in the right conformation, as demonstrated by structural [23] and functional studies [21, 24] . These complexes can be further biotinylated in a site-specific manner, a feature that is utilized for the in-vitro selection procedures of TCR-like antibody isolation and for the subsequent step of specificity characterization.
Phage Display Libraries
A major breakthrough in making TCR-like antibodies was achieved when alternative strategies to the conventional hybridoma approach were developed in the mid 1990s. The pioneering work by Andersen and colleagues (1996) demonstrated the ability to use the antibody phage display approach as a tool to isolate antibodies with a unique specificity [20] . Phage display technology includes generating antibody libraries exposed as fusion proteins on the surface of phage particles. Each phage particle displays a unique antibody (a Fab or scFv fragment) encoded by genes present within the same phage particle. Phage particles carrying specific antibodies are purified by repeated rounds of selection on a specific target followed by amplification in bacterial cells of the eluted bound phages. Thus, in contrast to the hybridoma technology, the phage display procedure involves positive selection for the requested binder (For a review of phage display see [54] ). A phage display approach enabled the isolation of peptide-specific, MHC-restricted antibodies to murine class I complexes, at first [20] , and subsequently also to human disease-related human HLA-peptide complexes [27, [29] [30] [31] [32] 35, 37, 48] .
3.1.1. Naïve Libraries TCR-like antibodies were isolated from large naïve human phage display libraries by our group and others [52, 53] . Several different antibody clones directed to a single T-cell epitope were isolated, in a reproducible manner, from these libraries. The high frequency and high affinities of some of the isolated antibodies suggest that these molecules may be present in the antibody repertoires from the B-cell donors of the phage library; however, an in vivo role for such antibodies remains unclear. To the best of our knowledge, no evidence for B-cell expression of TCR-like antibodies exists. We believe that while the genetic information of TCR-like antibodies exists in the germ line, these molecules are either not produced or are negatively selected. The TCR-like phage-derived Fabs may be the outcome of gene recombination that does not occur naturally. Regardless of the reason for the observed high frequency of antibodies to MHC-peptides, the phage-based approach can be consistently applied to isolate recombinant antibodies with TCR-like specificity to a large variety of MHC-peptide complexes.
The affinity of TCR-like antibodies isolated from a naïve phage display library is not always sufficient for therapeutic purposes. Both random [55] and rational [56] affinity-maturation strategies were developed to increase the affinity of TCR-like antibodies. Chames and colleagues (2000) reported an 18-fold improved affinity of TCR-like Fab directed to the tumour T-cell epitope HLA-A1/MAGE-A1 using randomized in vitro affinity maturation. Fab G8 with affinity of 250 nM was used as the platform for construction of two randomized libraries: L chain shuffling library and H chain complementarity-determining region (CDR) three mutated library. A V H /V L hybrid (clone Hyb3) constructed from clones isolated from these two libraries had an affinity of 14 nM while keeping the fine specificity of the parental antibody [29] .
Rational design for affinity maturation of TCR-like antibodies was demonstrated by Renner and colleagues. They analyzed high-resolution structure of TCR-like Fab 3M4E5 bound to the HLA-A2/NY-ESO-1 complex and compared it with the structure of a cognate TCR/pMHC complex. Based on the structural data, they generated a second generation Fab library based on Fab 2M4E5 in which they randomized residues at positions that could optimize peptide interaction without increasing MHC binding. Key residues responsible for direct binding of a peptide motif as well as residues facing the MHC helices were left unchanged. This approach resulted in a 20-fold affinity improvement of a new isolated TCR-like Fab to the HLA-A*0201/NY-ESO-1 epitope.
TCR-like antibodies isolated from phage display libraries are in a monovalent antibody form (Fab or scFv fragments) and can be produced in bacterial expression systems with relatively high-yields of stable and purified antibody. Monovalent fragments are useful reagents for a variety of TCR-like applications such as epitope presentation [57] and structural [58] studies. In addition, monovalent fragments can be used as targeting agents when conjugated to a cargo protein, (e.g., a truncated form of Pseudomonas exotoxin in the case of immunotoxin) [59] . Notably, one of the limitations of the monovalent antibody form is its reduced binding intensity, which is a major disadvantage when using a TCR-like antibody as a tool to study low-density epitopes (e.g., some tumor-associated MHC-peptide complexes presented by tumor cells). To overcome this limitation, Fab-or scFv-tetramers [60] , with directly tagged fluorescent probes, can be generated to increase the binding avidity and consequently the binding intensity of specific MHC-peptide complexes [31] . Another approach developed to overcome the reduced binding intensity involves increasing the avidity of the TCR-like antibody molecules by transforming the monovalent fragments into bivalent constructs in the form of IgG molecules. The H and L Fab genes are cloned into IgG antibody vectors carrying secretion signal for expression and secretion in eukaryotic expression systems. This strategy was successfully implemented in our lab for several TCR-like Fabs, and for the most part, resulted in the production of TCR-like IgG molecules which kept the fine specificity of the parental monovalent fragment while significantly improving its detection sensitivity and apparent binding affinity [56, 61] .
Immunized Libraries
In the immunized phage display approach, which is a strategy complementary to the aforementioned naïve phage display approach, mice are immunized with the desired recombinant MHC/peptide complexes and phage display libraries are constructed from the spleens of these mice [39, 62] . In a syngenic immunization approach, transgenic mice, which express the desired human HLA allele on a murine MHC knocked out background, are immunized with the recombinant MHC/peptide complexes. The use of specific HLA allele transgenic mice, that have self tolerance to their transgenic HLA allele, increases the probability of isolating a rare TCR-like antibody rather than pan-reactive anti-HLA antibody with no peptide specificity.
Hybridoma Technology
The effectiveness of the immunization protocol used is key for obtaining TCR-like antibodies using either a phage display approach with immunized libraries or hybridoma technology. The earliest published studies on hybridoma technology and optimized immunization and screening strategies, used antigen presenting cells (APCs) presenting strongly immunogenic peptides in their MHC complex as immunogenes [33, 42] . It was reported that one to three out of approximately 1,000 growth-positive clones tested produced antibodies of the requested specificity, illustrating that peptide-specific, MHC-restricted antibodies are quite rare even under optimal conditions of induction and underscoring why many attempts have failed [44, 45, 63] . More recently, several groups have been successful in using a conventional hybridoma approach for isolating TCR-like antibodies directed to tumour [63, 64] and viral [65] epitopes. These groups used recombinant MHC/peptide complexes for the immunization and high throughput screening of a few thousands of clones for the isolation of rare TCR-like antibodies [63] [64] [65] .
Phage Display vs. Hybridoma-Derived Antibodies: Pros and Cons
The investigator's resources and field of expertise should determine the method of choice for isolating TCR-like antibodies. The most common approach for such isolation published to date is large phage display libraries [66] . The major advantage of this approach is the power of high selection toward the desired antigen that is achieved within a relatively short procedure. Other advantages include efficient and reproducible isolation of antibodies directed to different T-cell epitopes from the same source. In contrast, generation of hybridomas for isolation of antibodies with such defined antigenic determinant within the immunogen is somewhat less efficient, and a relatively longer procedure is required for isolation of rare clones. Furthermore, isolation of TCR-like antibodies using hybridoma methodology may be limited to stable MHC complexes which bind the peptide with high affinity [67] , as reduced stability/half-life of MHC/low-affinity-peptide complexes might not induce effective immunization and in vivo IgG maturation.
Advantages of the hybridoma technology include a tendency for isolating antibodies with highaffinity binding to the MHC/peptide complex, as in this approach, the antibodies produced are the result of multiple antigen challenges leading to in vivo affinity maturation of the antibody clones before their isolation. TCR-like antibodies isolated using hybridoma technology were reported to have relatively high binding affinity (low nanomolar range) [63, 68] compared with the moderate average affinity (~50-300 nM) of phage-derived TCR-like antibodies isolated from naïve libraries [56, 61] . Notably, although rare and technically challenging, few antibodies in the low nanomolar range were successfully isolated from a naïve phage display library using various screening and selection techniques [69] . Furthermore, technological improvements such as the aforementioned second generation libraries and in vitro affinity maturation procedures improve binding affinities to levels comparable to those observed with hybridoma technology.
TCR-like antibodies isolated from phage display libraries are in a monovalent antibody form (Fab or scFv fragments) and can be produced in bacterial expression systems with relatively highyields of stable and purified antibody. Monovalent fragments are useful reagents for a variety of TCRlike applications such as epitope presentation [57] and structural [58] studies. In addition, monovalent fragments can be used as targeting agents when conjugated to a cargo protein, (e.g., a truncated form of Pseudomonas exotoxin in the case of immunotoxin) [59] . Notably, one of the limitations of the monovalent antibody form is its reduced binding intensity, which is a major disadvantage when using a TCR-like antibody as a tool to study low-density epitopes (e.g., some tumour-associated MHC/peptide complexes presented by tumour cells). To overcome this limitation, Fab/scFv-tetramers [60] , with directly tagged fluorescent probes, can be generated to increase the binding avidity, and consequently, the binding intensity of specific MHC/peptide complexes [31] . Fab tetramers are generated by introducing a BirA sequence tag for site-specific biotinylation at the C-terminus of the Fab's CL or CH1 domain for tetramerization by labelled streptavidin reagent. Another approach developed to overcome the reduced binding intensity involves increasing the avidity of the TCR-like antibody molecules by transforming the monovalent fragments into bivalent constructs in the form of IgG molecules. The H and L Fab genes are cloned into IgG antibody vectors carrying secretion signal for expression and secretion in eukaryotic expression systems. This strategy was successfully implemented in our lab for several TCR-like Fabs, and for the most part, resulted in the production of TCR-like IgG molecules which kept the fine specificity of the parental monovalent fragment while improving its detection sensitivity and apparent binding affinity significantly [61, 57] . The Fc portion of the IgG is essential when using TCR-like antibodies to target cells for cytotoxic effects by recruiting components of the immune systems through antibody-dependent-cell mediated cytotoxicity (ADCC) or complement-dependent-cytotoxicity (CDC). The clinical development of TCR-like IgG antibodies will require humanisation of the mouse IgG hybridoma clones to avoid anti-idiotypic host response and to optimize the effector functions and half-life of the antibody.
TCR-Like Antibodies as Therapeutic Agents
The development of antibody-based therapeutics has been rapid since the hybridoma technology was first established in 1975 by Kohler and Milstein. Today, anticancer monoclonal antibodies (mAbs) are a growing family of novel molecules applied in the treatment regimens for solid and hematological cancers. The long half-life, low toxicity, and high affinity and specificity of mAbs are only a few of the advantages that make them attractive therapeutic agents [70] . Over 10 antibody-based anti-cancer immunotherapeutic approaches have received regulatory approval and many more are under clinical development. Antibody-based immunotherapeutic approaches include the use of naked antibodies as well as antibody conjugates (e.g., immunotoxins, fusion with cytokine molecules, immunoradioisotope labeling, and bi-specific antibody therapy).
Presentation of specific MHC-peptide complexes associated with a certain tumor type supports the use of TCR-like antibodies as specific anti-tumor targeting molecules. Whereas therapeutic anti-cancer mAbs target membrane proteins, TCR-like antibodies expand the targeting repertoire to the intracellular proteome represented by the MHC surveillance mechanism of the cell. Such specific antibodies present new opportunities for anti-cancer targeting through the transformation of the fine cellular specificity of T-cell recognition into an antibody-based immunotherapeutic approach [71] .
Naked TCR-Like Antibodies
Recruitment of innate immunity is among the proposed mechanism for unconjugated anti-tumorspecific mAbs such as rituximab (Rituxan/MabThera, Genentech Inc, South San Francisco, CA, USA) [72] and trastuzumab (Herceptin, Genentech Inc, South San Francisco, CA, USA) [73] . Similar to mAbs that target a specific tumor antigen, TCR-like antibodies are being used to mediate antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). Weidanz and colleagues (2006) generated a mouse IgG2a mAb RL4B specific to human chorionic gonadotropin (hCG)- presented by HLA-A2 [63] and demonstrated that this mAb prevented and suppressed breast tumor growth in xenograft in-vivo models [68] . As increased treatment efficiencies were recently reported for mAbs when used in combination with other treatment modalities (e.g., in first-line treatment of metastatic colorectal cancer, both US and European guidelines recommend a mAb/chemotherapy combination) [74] , in future, TCR-like antibodies could be evaluated in combination with other treatment modalities such as other immunotherapies or chemotherapeutic agents.
Immunotoxins
An immunotoxin is a chimeric protein consisting of a targeting moiety linked to a toxin used to kill the diseased cell while sparing the normal cell. The target moiety can be an antibody or a ligand directed against a receptor or cell surface antigen specific to the disease. The toxin can be any molecule that will induce cell death by directly interacting with molecules involved in cellular processes, by modifying the cell membrane, or by inducing apoptotic proteins thereby causing cell death indirectly.
The first immunotoxins were produced by chemically coupling native toxins to antibodies with reagents that form disulfide bonds connecting the toxin to the antibody. These first-generation immunotoxins lacked specificity and were characterized by immunogenicity, poor stability, and heterogeneous composition. The second generation of immunotoxins was generated after research and crystallographic studies of the first-generation immunotoxins. These immunotoxins were still produced by chemical conjugation; however, the non-specific cell-binding domain of the toxin was removed and replaced by an antibody. These second-generation immunotoxins were more specific and consequently safer, thereby facilitating the use of increased dosages in animal models. These constructs were still heterogeneous (due to the chemical conjugation), and their ability to penetrate solid tumors was poor (due to their size). Third-generation immunotoxins are made by recombinant DNA techniques whereby the DNA encoding the cell binding domain of the toxin is replaced by DNA sequences encoding only the antigen-binding site of the antibody (the variable fragment [Fv] portion). Recombinant immunotoxins are homogeneous, with improved tumor penetration, and are relatively inexpensive to produce [75] [76] [77] [78] .
Bacteria and plants produce highly potent toxins which are among the most powerful cytotoxic agents in nature. These toxins must be produced in microorganisms (typically, E. coli) because they kill animal cells. Bacterial and plant-derived toxins have been chemically conjugated or genetically fused to different ligands that target cancer cells. Currently, most of the recombinant immunotoxins being evaluated in clinical trials use either diphtheria toxin (DT) or Pseudomonas exotoxin A (PE), because these bacterial toxins are more easily produced in E coli than plant toxins and because they have demonstrated more activity and fewer side effects in humans [78] .
Immunotoxins are designed to bind specific antigens on the surface of cancer cells and enter the cells by endocytosis that carries them into the endosomal compartment via clathrin coated pits [79, 80] . Subsequently, the toxins are processed by furin cleavage to produce two fragments that are initially held together by a disulfide bond [81, 82] . After translocation to the cytosol (with different translocation mechanisms for PE and DT) the enzymatically active fragment of the toxin catalyzes adenine diphosphate (ADP) ribosylation of a diphthamide residue of elongation factor 2 (EF2) [83, 84] , thereby causing arrest of protein synthesis, leading to apoptotic cell death. A truncated form of PE (38 kDa) that is frequently used is called PE38. This form contains PE amino acids 253-364 and 381-613 [85] , and does not include the binding domain of PE, which binds to normal cells. PE kills cells by catalyzing the irreversible ADP-ribosylation and subsequent inactivation of elongation factor 2 (EF-2), using nicotinamide adenine dinucleotide (NAD + ) as a factor. As a consequence, protein synthesis is inhibited and cell death ensues. Notably, mutating the carboxyl-terminal sequence of PE from REDLK to KDEL could be useful as this mutation improves the cytotoxicity of PE and its derivatives, presumably by improving their delivery to the endoplasmic reticulum where translocation to the cytosol takes place [86] . At present, no antibody-based immunotoxin has been approved by the US food and drug administration (FDA). However a recombinant toxin that contains the human interleukin-2 (IL-2) and truncated DT (denileukin diftitox [Ontak  ], Eisai Inc., Woodcliff Lake, NJ, USA) is approved for use in cutaneous T-cell lymphoma (CTCL). Additionally, an anti-CD22 Fv immunotoxin that contains the truncated PE38 form has shown satisfying results in the treatment of hairy cell leukemia (HCL). Antibody-based immunotoxins are also associated with side effect and toxicities, which have restricted the administered dose. Further research will likely improve their safety profile thereby facilitating a broader clinical use in cancer treatment.
TCR-Like Antibody-Toxin Fusion Molecule
TCR-like antibodies could potentially be used to deliver the truncated form of the mutated PE (PE38KDEL) into target tumor cells. In our lab, we generated fusion molecules in which the different TCR-like antibody Fabs or scFv were fused to PE38KDEL, by fusing the truncated PE38KDEL gene at its N-terminus to the C-terminus of each Fab light chain (CL) as shown schematically in Figure 1 . TCR-like immunotoxins have also been generated against HLA-A2 positive melanoma differentiation antigens gp100 [87] and MART-1 [59] , and against the prostate and breast tumor-associated antigen TRAP [88] .
The TCR-like Fab-PE38KDEL fusion molecules maintained their ability to bind the authentic endogenously-derived MHC-peptide on the surface of the tumor cells. Fab 2F1-PE38KDEL which was isolated against HLA-A2/gp100 (G9-280) [89] was labeled with fluorescein isothiocyanate (FITC) and showed internalization in JY cells pulsed with the appropriate gp100-derived G9-280 peptide [59] , as shown in Figure 2 . These findings indicate that TCR-like antibodies fused to a toxin rapidly internalize after binding to cell surface peptide-MHC complexes and are therefore suitable to use as specific toxin-delivery agents. The TCR-like antibodies fused to PE38KDEL displayed specific cytotoxic activity both in vitro on cells that express natural endogenous differentiation antigens gp100, MART-1, and TARP, and in vivo. All the recombinant immunotoxins analyzed by us showed high binding specificity to antigen-presenting cells (APCs) and melanoma cells expressing the specific peptide/HLA-A201 complex. The immunotoxin 2F1-PE38KEDL had a high rate of internalization (within 30 min) and accumulation in the cytosol of the cell (at 6 h), where it exerted its function. When tested in vitro, Fab-PE38KDEL immunotoxins killed APCs and melanoma cells in a peptidedependent MHC-restricted manner. Furthermore, CLA12 (that was isolated against HLA-A2/MART)-PE38KDEL and 2F1-PE38KDEL had specific antitumor activity in a mouse xenograft model for human melanoma (i.e., they penetrated solid tumors and substantially delayed tumor growth in mice at doses that did not cause animal toxicity). Furthermore, since we constructed immunotoxins against several melanoma epitopes, we explored their concurrent use in an attempt to increase the probability of eradicating tumor cell variants resulting from mutations (e.g., cells that lack the target antigen entirely or express it at levels too low for effective immunotoxin-mediated killing). Indeed, such variants could be eradicated by the combining of two or more immunotoxins recognizing different target antigens [90] . Our results warrant the evaluation of a different class of toxins for melanoma, using a human antibody fragment which is less immunogenic than a mouse antibody and of smaller size, thereby facilitating repeated administration and better tumor penetration. Notably, strategies to reduce the toxicity and the immunogenicity of the toxin, such as a chemical modification with polyethylene glycol [91] , will be required to maximize the toxin therapeutic potency in humans. Nonetheless, our data provide a proof-of-concept for the utility of TCR-like antibodies as targeting agents in cancer and form the foundation for further improvement of TCR-like immunotoxins needed to further evaluate their therapeutic potential in more robust in-vivo models. TCR-like immunotoxins, as well as naked TCR-like antibodies that induce apoptosis by direct killing mechanism, may confer clinical benefit in the treatment of immunocompromised patients that may not respond to agents whose mechanisms require a functioning immune system (i.e., ADCC).
TCR-Like Antibody-Toxin Fusion Molecules
TCR-like antibodies have been generated also in a form that is linked with cytokines. Such molecules might target immunomodulatory functions at the site of the tumor or infection. For example, Interferon alpha was used in a fusion protein in which a TCR-like antibody targeting hepatitis B virus infected cells was used to target the cytokine to the infected cells in induce immunomodulation and destruction of the virally-infected cells [92] .
Outstanding Research Questions and Future Clinical Development of TCR-Like Antibodies
The recent advances in generating TCR-like antibodies resulted in a growing repertoire of antibodies with specificities directed to a large variety of MHC class I-peptide complexes. These antibodies constitute valuable tool in molecular immunology for studying antigen presentation and developing new immunotherapy agents. TCR-like antibodies contribute to advance basic research of antigen presentation in various healthy or diseased tissues and cell types including tumours, virusinfected cell, professional APCs, and lymphoid cells. The potential therapeutic and in vivo diagnostic utility of TCR-like antibodies was explored and a proof of concept was demonstrated for several tumor types and infectious diseases. The TCR-like antibody approach is now facing the challenge of transitioning into clinical trials. To this end, a candidate antibody should have a high-affinity and highspecificity binding to the TCR ligand. High affinity, in the low-nanomolar or picomolar range, implies a longer binding time and increased probability for therapeutic cytotoxic endocytosis or induction of immune-effector mechanisms. TCR-like specificity of the antibodies is key for their utility as specific targeting molecules.
A strategy that employs recombinant engineered TCRs [93, 94] is now being tested in clinical trials, thus, the utilization of TCR-like antibodies is a matter of time required for pre-clinical development.
The antibody isolation procedure could benefit from a comprehensive specificity characterization carried out by mapping the recognition residues within the peptide and the MHC molecule. This procedure would verify the peptide specific, MHC-restricted, TCR-like binding pattern of the antibody. Cross-reactivity to other self-peptides should be excluded by testing binding to a variety of cells types from a range of tissue origins. Another key factor in optimizing TCR-like antibody therapeutic approach is the choice of target antigen from all the T-cell epitopes expressed on malignant cells (studies with anti-cancer mAbs have demonstrated that high density of membrane epitopes on target cells is correlated with the therapeutic efficiency of these agents. For example, high expression of the pMHC antigen on the surface of tumor cells makes it an attractive target for TCR-like antibody therapy. Thus, studies evaluating expression levels of therapeutically-relevant T-cell epitopes (e.g., the aforementioned study on melanoma T-cell epitopes) can reveal optimal targets for TCR-like antibody therapy. Notably, the TCR-like antibodies are also important tool for such studies alongside proteomic and mass spectrometry methodologies.
TCR-like antibody approaches fit in with the growing field of personalized medicine. These reagents may be used for therapies and diagnostics of HLA-matched patients.
The TCR-like antibodies needs to be tailored in terms of their restricted usage in patients with the appropriate HLA class I profile. Although the information related to tumor and viral epitopes are often limited to epitopes restricted by few HLA class I alleles usually present in Caucasian and no other ethnicities, recent advances in proteomic tools and analysis of HLA peptide repertoires enable the rapid identification of peptides derived from specific antigens and their HLA restriction even to rare alleles. According to HLA allele distributions in the world-wide population, TCR-like antibodies directed to three HLA alleles for a particular peptide cover >96% of the world-wide population of a given HLA-peptide complex.
The availability of TCR-like antibodies directed to several epitopes associated with a certain tumour type raise the possibility of a cocktail treatment composed of antibodies recognizing different antigens.
Furthermore, when tumor biopsies are available, the antibodies treatment can be personalized to match the tumour antigen presentation hierarchy of a certain patient. TCR-like antibodies cocktail treatment strategy may increase the treatment potency and target malignant cell mutants with absence or decreased expression levels of a certain target antigen. Further development of this approach needs to be tested experimentally with the ultimate goal of applying TCR-like antibodies to clinical practice.
